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ABSTRACT 
The development of products for today’s competitive and rapidly changing market demands 
the incorporation of digital methods and new technologies. An early evaluation of a product 
can help the product designer to gain better understanding of the product behaviour in its later 
life phases. In this paper, we will focus on building the product’s life phase specific models in 
Virtual Reality (VR) for product evaluation. These will also include the life phase specific 
actor(s) and environment for the product. A new method based on an MBSE approach will be 
presented for the description of VR models that can help to reduce the effort needed to create 
them. The behaviour modelling process based on SysML will be explained using an example 
model. Moreover, a complete overview of the VR model configuration, its execution and 
interaction possibilities will be brought to light.  
Index Terms – Product evaluation, Virtual Reality, Model Based Systems 
Engineering, SysML 
1. INTRODUCTION
It is of great importance to consider the use-cases and related requirements of all stakeholders 
of a product in its different life phases during the design process. Designers today try to take 
into consideration the use-cases and requirements of different stakeholders and develop a solu-
tion in accordance with these requirements. According to the guideline VDI 2221[1] different 
life phases of a product are product planning, product development, production planning, pro-
duction, distribution, use, service and disposal. Against these life phases there are different 
stakeholders/actors, e.g. product planner, product designer, production planner, production 
personal, user(s), service technician and disposal personal, respectively. In a similar way, there 
are different environments that a product is confronted with in its different life phases. Early 
evaluation of a product’s later life phases can help the designer to get a better understanding of 
the necessary product’s properties/behaviour and can help to identify new (i.e. not yet consid-
ered) requirements. The products today are complex and multidisciplinary as compared to their 
predecessors. The increasing competition between manufacturing companies and the decreas-
ing time to the market are pushing companies towards the incorporation of new technologies 
and use of digital methods. The early evaluation of a product’s later life phases can indeed 
contribute to the reliability of the product and can help to identify shortcomings in the design. 
However, the early evaluation can be a difficult task, as it requires the knowledge about the 
later life phases of the product along with the knowledge about possible actor(s) and environ-
ments. This requires creative imagination and depends greatly on the expertise of the product 
designer and can be prone to errors. Especially for the development of complex mechatronic 
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products the use-cases and the requirements are difficult to imagine [2]. Mostly, the designer 
has to take up the role of an actor and has to imagine the later life phase situation. Therefore, 
there is a need for new methods and tools that can support the product designer in this highly 
complex early evaluation process.  
Virtual Reality (VR) technology can be of great help to support this early evaluation. It can help 
the designer to analyse the product in its context (life phase specific actor(s) and environment) 
and verify the respective product behaviour. However, the preparation of appropriate VR mod-
els is currently based on complete and time-consuming programming of the whole scene in 
advance. This limits the application of VR in the industry today and is mainly due to the fol-
lowing reason: 
 the great amount of time and the effort needed for the preparation of virtual models,  
 poor/limited possibilities to reuse these models and/or parts of them and 
 limited modification possibilities i.e. a small change can force a complete new prepa-
ration. 
In order to tackle these issues, we are focusing on a new approach that divides the complete VR 
scene into three sub models, i.e. product, actor and environment [3]. These models have struc-
tural as well as behavioural aspects. The systematic recombination of these sub-models can 
make the preparation of new VR scenarios easier.  
In order to have uniformity, in this paper the same terminologies are used as in [3]:  
 “Context” – a specific combination of environment and actor (s) in a specific product 
life phase 
 “Use-case” – a specific demand and interaction of environment and actor(s) with the 
product  
 “VR-user” – the product designer 
 “Environment” – the surroundings of a product in a particular life phase 
The product along with its life phase specific environment and the actor(s) inside VR builds 
context based product evaluation scenarios (see figure 1). An observation of these scenarios 
can help the product designer to better understand the requirements of the product and its 
behaviour in later life phases.  
 
 
Figure 1: Scenario building in a model based approach for VR [3] 
 
A product can have different actors and environments in its different life phases. The actors 
require different use-cases with the product in the specific environments. Figure 2 shows two 
of these use-cases. In each use-case, different aspects of the product are evaluated. In the use 
phase, the user is the actor, the fulfilment of the desired product functionality along with ease-
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of-use criteria will be most important. In the service phase, the needs of a service technician 
have to be considered, e.g. the ease of finding faults and the effort to replace broken or worn-
out components. 
 
Figure 2: Product context in different product life-phases [3] 
 
Figure 2 is in principle based on the formal representation of the relational properties introduced 
by [4] and further developed by [5] with the addition that the environment and the actor(s) are 
to be modelled independently from each other to achieve reusability. For the implementation 
of this model, there is a need of a new approach that can model the sub-models independently 
from each other – which in turn requires thorough definitions of the interactions between them. 
Model Based Systems Engineering (MBSE) with Systems Modelling Language (SysML) claim 
to be capable of doing just that, therefore we have decided to use (and test) this approach.  
This paper aims to answer the following questions: 
1) How can the sub-models be described independently from each other? 
2) How can the interactions between the sub-models be modelled using SysML? 
3) How can SysML models be used as core of the simulation process and cooperate with 
VR-software to achieve an interactive simulation in VR? 
4) How can the physical behaviour of product, actor(s) and environment be incorporated 
inside VR – which needs real-time conditions? 
 
2. RELATED WORK 
 
Various methods and digital models are developed to support the product development process. 
These methods mainly focus on the product and its behaviour. The life phase specific actor(s) 
and environment build the context of a product and also play an important role. The use of VR 
can greatly support the product development process by realising a later life phase situation of 
a product with its context. [6] uses VR and focuses on a user centred approach to reduce the 
uncertainties in the development process. The work also brings the usefulness of VR into light 
as it can help to analyse designs by means of product use-case scenarios inside VR. [7] proposes 
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a new methodology for virtual product development to analyse the dynamic and acoustic beha-
viour of the product by means of virtual prototypes. The use of VR for production lines is 
investigated by [8] by means of a simulation in VR. This work is very relevant as it uses SysML 
for behavioural descriptions in VR and also discusses the challenges for integration of a 
simulation tool in VR. [9] emphasises the use of the systems engineering approach for the 
development of today’s multidisciplinary systems. Recently, two industrial projects (Fas4M 
and mecPro2) have focused on the use of SysML as unified language for the implementation 
of MBSE approaches. The Fas4M1 [10] [11] project implements an interface between SysML 
and a CAD tool to support the modelling and development of mechatronic systems. The project 
mecPro22 works to develop the cooperation between MBSE and a Product Lifecycle 
Management (PLM) system and concludes that a combination of both can handle the 
complexity of the system under development [12] [13] [14]. The work of [15] recommends the 
use of SysML for the development of multidisciplinary mechatronic systems and explains the 
modelling process using a washing machine as an example. Another work [16] discusses beha-
vioural modelling in SysML and explains the behaviour diagrams in detail by using an audio 
player as an example. Furthermore, there are already studies available that use model based 
approaches to realise simulations in VR. For example, [17] develops a framework based on 
modelling in UML and then uses transformations to integrate VR simulations; [18] develops 
process simulation in VR through the integration of VR and SysML. The related work shows 
the use of VR in product development and MBSE methods developed to support the product 
development process. However, there is still a need for a method to facilitate the use of VR for 
the early evaluation of a product; therefore, the method developed in this work will be presented 
in the next sections 3 and 4.  
 
3. BEHAVIOUR MODELLING IN SYSML 
 
The motivation for developing this method is to support the product designer by enabling him/ 
her to have a look into later life phases of a product as explained in the introduction and elabo-
rated in detail in [3]. The focus in this paper lies in the description and the preparation of a VR 
model using SysML as the description language. The sub-models of the VR-scene, i.e. product, 
actor and environment, have individual structural as well as behaviour descriptions. The struc-
tural description is usually available in the form of geometrical models that can be directly 
imported into the VR-software. However, the normal way of describing the behaviour of these 
models is based on simple programming that is time consuming and offers very limited reusabil-
ity. Therefore, we are focusing on a model based approach with SysML as description language 
for the sub-models. In this section, the modelling process will be explained considering a vacu-
um cleaner as a product, a human user as actor and a living room as the environment. These 
three models are modelled using SysML, thus including the standard SysML diagrams, i.e. 
structural, behavioural and requirement diagrams. Figure 3 shows the Block Definition 
Diagram BDD that is used to model the structure inside SysML and describes different 
components/parts of a system. It is to notice that the structural description in SysML describes 
the hierarchical structure of a system and may be different from the geometrical (CAD etc.) 
description. The figure depicts the “User_Produ_Env Interaction” that has three sub-models 
defined in SysML as a structural element, i.e. “Block”. Each block can have sub-parts as well 
as needed parameters to describe it. For example, in order to describe a vacuum cleaner the 
position of the cleaner, its current state and its weight can be important. However, for the sake 
                                                 
1 Functional Architectures of Systems for Mechanical Engineers:  
http://fasform.de/content/ [last accessed on 26.07.2017]   
2 Modellbasierter Entwicklungsprozess cybertronischer Produkte und Produktionssysteme: 
https://www.mecpro.de/ [last accessed on 26.07.2017] 
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of clarity for the reader and to keep the discussion focussed, these sub-parts are not shown in 
figure 3. Furthermore, the sub-models have further sub-components that are not depicted in this 
diagram, e.g. product model has sensors, wheels, a handle, cables, etc. Similarly, the environ-
ment has a sofa, table, lamp, walls, etc. The actor model in same way has different structural 
components/parameters e.g. height, weight, age, etc. They are not discussed in this paper.   
 
 
Figure 3: Block Definition Diagram (BDD) for an example model  
 
Other important aspects that are indicated in this diagram are the interaction points, i.e. “Ports” 
in SysML. Ports define the interaction between two blocks in SysML and facilitate the flow of 
signals, values, behaviours, etc. between two blocks. However, figure 3 does not define which 
block is interacting with which block and how. This is depicted by another structural diagram 
in SysML – the “Internal Block Diagram” (IBD) – which shows the internal structure of a block 
and links between the blocks. For the vacuum cleaner example this is shown in the next figure.  
 
 
Figure 4: Internal Block Diagram (IBD) for an example model [2] 
 
Figure 4 shows the links between ports of different blocks. The port “UserActions” communi-
cates the actions performed by the user to the product, e.g. connecting the vacuum cleaner to 
the power supply, switching it on/off, etc. The port “UserMovements” communicates the move-
ments performed on the product by the user, e.g. moving the vacuum cleaner forward, back-
ward, turning, etc. The port “electricPower” indicates that the power needed by the product for 
completing its operation is coming from the living room, e.g. it can be an electric plug in a wall.  
We are interested in the decomposition of the use-cases into individual activities and possible 
states. In the following, the target behaviour is described (without entering the internal elements 
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in detail) and the use of the ports in the behaviour description will be discussed. Figure 5 shows 
a State Machine Diagram (STM) that describes the different states that a system can find itself 
in and is a behaviour diagram expressed via SysML. For example, a vacuum cleaner can be on 
idle and can be waiting for the plug connected to the power supply. Once the power is supplied, 
it is waiting for a start signal (e.g. press of a button) and so on. A very important aspect to notice 
in this diagram is the indication of the port that will receive the actions (signals) coming from 
the user; in our case PowerPlugged, SwitchOn and SwitchOff are the signals from the model of 
actor in SysML and are communicated to the product model over “UserAction” port (figure 4).  
 
 
Figure 5: State Machine Diagram (STM) of a Vacuum Cleaner 
 
In order to demonstrate the behaviour modelling, the authors would like to explain one state 
that has a sub-behaviour (here as a STM diagram). As indicated in figure 5, once the power 
button is pressed and the product is switched on it goes into the state “CleanerInUse” that has 
further sub-states (sub-behaviours) as indicated in figure 6. The vacuum cleaner can be moving 
or turning or be waiting for someone to move it (in the case of manual vacuum cleaner – for a 
robot cleaner this will be different).  
 
 
Figure 6: Sub-states of a vacuum cleaner during “CleanerInUse” 
 
Similar to figure 5, figure 6 also shows that the signals (moveForward, moveBackward, turnLeft 
and turnRight) are received over the port “UserMovements”. This kind of interaction through 
the port is essential for SysML models to be reusable, for example in our application: If the 
actor model (shown in figures 3 & 4) is replaced with a new model, the interaction will still 
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function properly – if the ports are the same in the new actor model as in the old one and if the 
signals expected by the product model are available.  
SysML models – usually drawn up for complex systems – show that systems and their compo-
nents have behaviour, they also show what causes and what is caused by the behaviour. 
However, SysML models do not contain information about how systems and components 
behave: In order to represent the details of the behaviour, additional simulation is needed, either 
via enhanced SysML models or with external simulation coupled to the SysML model. In a 
complex system, a SysML model will show the logic/sequence of simulations. 
 
4. IMPLEMENTATION METHOD AND SIMULATION IN VR 
 
For VR applications behaviour descriptions have to be executable (even in real-time at that). 
However, SysML was initially not thought to be an executable language. So how to come from 
models described via SysML to executable VR models?  
There are considerable efforts already made to make SysML diagrams and models executable. 
There are already a couple of methods available that either transform the SysML models to 
another executable language/tool or try to achieve simulation by integrating SysML models 
into other executable tools [19] [20] [21] [22] [23] [24] [25]. Furthermore, there are already a 
couple of commercial tools that can execute the behaviour models of SysML. Cameo Systems 
Modeller (CSM) is one of those tools and it uses functional UML (fUML) based on token flow. 
Furthermore, CSM also utilises external solvers like Matlab, Maple, Modelica, Javascript, 
Jython and many more for the calculation of complex simulations. The same tool was used to 
carry research presented in this paper. CSM makes the SysML models executable and offers a 
Java based open Application Programming Interface (API) to extend this tool.  
In order to integrate the SysML description and to use it for simulation in VR, we wrote a plugin 
for CSM that can communicate with VR and make the simulation in VR possible. This approach 
has an advantage over the approaches based on the transformation as it offers an integrated 
solution for modelling as well as execution of VR models inside CSM. The functionality of this 
plugin as well as a complete overview of the simulation process is described in figure 7.  
 
 
Figure 7: Overview of the simulation process in VR3 
                                                 
3 The CAD model of the vacuum cleaner in the picture was obtained from grabcad.com.  
https://grabcad.com/library/vacuum--3 [last accessed on 27.07.2017] 
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The VR-software includes the geometrical models of product, actor and environment in the 
form of a VR-scene that can be visualised using a 3-sided CAVE type VR-system available at 
Technische Universität Ilmenau. The behaviour model developed with the help of SysML is 
used to simulate the objects inside the VR-scene. The Communication Plugin helps to commu-
nicate the real-time execution information from the SysML behaviour model to the VR-system 
that can be visualised in the CAVE. Also, the changes in the objects’ properties as a result of 
scene manipulation from the VR-user, are received by this plugin. The currently available VR-
software tools are only suitable for the visualisation of geometric objects and do not include 
any physical calculation. Therefore, to incorporate physical behaviour into the simulation, we 
are using Virtual Robot Experimentation Platform4 (v-rep). V-rep offers a multi-physics frame-
work for physical calculations and all the objects defined inside it are accessible over a multi-
lingual API. Furthermore, it is easy to create the scene inside the v-rep using the objects from 
the VR-software with the same positions and orientations, etc. The Flystick (our main input 
device) is used to interact with the VR-system. In this way, the interaction of product, actor and 
environment can be viewed from different angles and points of view. The device can also allow 
the manipulation of the objects in the scene, e.g. hiding/un-hiding certain objects in the scene 
or changing their positions and orientations.   
The simulation in VR will depend on the interplay of the tools mentioned in figure 7. The 
visualisation in the CAVE will depend on the objects in the VR-software and these objects’ 
properties (position, orientation, …) will depend on the behaviour model in SysML. The SysML 
model works as a central information model which communicates on one side with the VR-
software and on the other side with the physics engine (v-rep). The information about the ob-
jects will be sent to v-rep during an active simulation both in SysML and v-rep. The changes in 
v-rep simulation model against the information received from SysML will also be sent back to 
the SysML model. Hence, the VR-system will be updated by the SysML description based on 
the new information received from v-rep. The physical properties of the objects will be 
continuously read from v-rep, will be updated and sent to the VR-software which, in turn, will 
also update the visualisation in the CAVE. In this way, the presented approach can lead to a 
fast and easy configuration/preparation of complex VR models that are reusable as well. In the 
next section, the advantages and the limitations of the implementation method proposed in this 
paper will be discussed and conclusion will be presented.   
  
5. DISCUSSION AND CONCLUSION 
 
To summarise: Section 1 introduces the model based approach for the context based product 
evaluation using VR technology, and section 2 gives an overview of the most relevant related 
work done in this field. Section 3 explains the principles of behaviour modelling inside SysML. 
The interaction of sub-models over generic interfaces, i.e. ports, is shown. Section 4 discusses 
in detail how these SysML models can be enhanced by simulating behaviour as is required to 
control the VR model deduced from SysML descriptions.  
The idea of separating the complete VR model into product – actor – environment is the main 
approach to enhance reusability of VR models. MBSE and SysML are tools that make the 
realisation of the idea possible by describing the sub-models independently, the interactions 
between these and (qualitatively) their behaviour. However, there are still severe problems, as 
was shown: To make these models (or any other type of model) “alive”, SysML is not sufficient 
alone, in addition we need simulation (in our case a physics engine is used). It can be done (i.e. 
using MBSE and SysML for our purpose) – but only if and when simulation can be added to 
                                                 
4 http://www.coppeliarobotics.com/ [last accessed on 26.07.2017] 
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and controlled by the MBSE/SysML models. In order to establish the presented approach one 
possible realisation has been shown in this paper. 
In this way, the presented method can help the designer by making VR model configuration 
and modification efficient, thus supporting early evaluations of a product possible by means of 
use-case scenarios in VR. 
However, in its current form the implementation of this method does not include the actor model 
because it is currently still under development. Also, so far only a very basic implementation 
of the communication between SysML, the physics engine and VR is achieved. These issues 
are in the focus of current and future work in the project.    
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